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(CIALIB) h r  remm-to-flight (R-i'F) \vas to jp.&se rhe c o ~ q l ~ f  debris erxiionment e ? ~ ~ c r l c ~ ~ d  b\- the 
s h i d e  stack on ascent. This includes caregoflzing all possible debris socrces, their prcbabk georner=?c 
and aerodynamic characterijtiss, and their potential far damage. This paper is chiefly concerned \\<th 
predicting the aerodynamic character'ljccs of a varieri; of potential debris sources (insuhting foam and 
cork, nose-cone ablator, ice, ...) for the shuttle ascent configuration using CFD methods. These 
aeradynamic charncteristics are used in the debris transporr analysis to predict flight path, impact 
velocity and angle, and provide statistical variation to perform risk analyses where aFFTOFnate. The 
debris aerodynamic characteristics are difficult to determine using tiaditional methods, such as static 
or dynamic test data, due to the scaling requirements of simulating a typical debris event. The use 
of CFD methods has been a critical element for building confidence in the accuracy of the debris 
mnsport code by bridgfng the gap between existing aerodynamic data and the dynamics of full-s:ale, 
in-flight evencs. 

In order to provide an cficient rngineering tool, the debris transport code simplifies several 
aspects of the problem. T h e  first approximation is that the debris has no efiect on the flowfield.: the 
transport code queries the local flow conditions fiom a high-resolution, static, \<scous flow simulation 
of the shuttle flowfield provided by the OVERFLOW solver[3] at the appropriate flight conditions for 
the debris event. A hallistic model is applied in the direction of the local tlow velocity to determine 
the decelersion and ";ero-liit" trajectory. The version of the debris transpoK code used in the STS- 

aerodynamic liR. The code does not directly account for any potential rotation of the body. With these 

tkndie!d in seconds of CPL; time, while simulating &e dynaniic fully-coupled 6-POF problem requires' 
hundretds cf CPU-hocrs. VIid~out sacrificing this efkiency, it is desired to improve the accuracy of 
the debris transporr code. These improvements include a realistic modeling of the dispersions about 
the xro-li6 trajectory due to aerodynamic lift, and drag models tzilorcd to the dieerent. debris sources. 
Both of these enhancements to the transporr code require a detailed knowledge of the aerodynamics 
of i;ee-fIyin~ pieces of debris. 

The characterization of the flight dynamics for shutrle ascent debris involves deve!oping models 
and.,/c;r databases of aerodynamic parameters for each vpe of debris which are then integrated urith 
[he reqr!irtrnents of the debris trmsport c m  e. This then involves developing drag models far use in 
the ballisdc, zerc4ik txjectbsq: cornpixation. and crassxnge models taa superinposz the e k t  of lift 

;o e5iiiier.dy p-o\-ide t h e  data for developing i.he drag 2nd c:assxnge models. The Carwisn package 
carl automatically; h~nd!e nibirrary seorr;<nic s h a ~ e ,  jrlJ. peihim ~ t < ~ i d ~ j - ~ ; a t ~ ,  prescrilxd-motion, 0: 
ki;lii$c~~!pied ~ - U L J P  sixulations using an eecient paraiiei, muln-ievei algorirnm. I his premies &e 
ailakysr with a F G S ~ ~ - ~ U C X X  tc;o: tsr s1~,u:;;c,ng s:xji vvyr,d pL:::nnd, i-~tary-&ia~?ce, or call:stic range c e s ~  
comput3ti(>n&j. This akdiq is used to complement and extend the traditional physical test facilities 
providing a cost+ffecr;Ve approach for aerodynamic modeling or' these C O E I p k X  dynamic events. 

1 ht  z d y i s  3fd:e ?nir& ascrn~ debris e;lt;.rzq~ment_ is an iterative FTOcess (cr'. Fig. 1). l he  debris 
sources ana meir jeri7dyjxamic dxr:icreTistics are fed the de&s transport code, which cdcdates 
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they car, szfely \\;itlistand the damage. This structural analysis in turn is fed back into the pmcess. JS 

debris SOUTC~S which cannot be safely tolerated are eliminated through design modifications. 

Figure 1: Debris analysis Gedback IOOF. Danuge from Focendal debris sources is assessed, a n d  rhos* which ar? rwr 
tolerable are e!irninxd. This cycle h e n  continues undl a safe coler,nce is achieved. 

The current abstract provides a general overview of the types of debris analyzed todate, the efixt  
.underway to d i d a t e  the cm soher for these types of cornpies dynamic trajectories, and &e currem 
!e\-el of aerodynamic modeling fbr external tank (ET) foam. The proposed kill paper .will include a 
detailed review of the ascent debris environment, and include refined aero+mm> is mode!s 5x the 
various debris types, as well as experimental data for direct comp-i rison. . 

2. Debris Sources 
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Table 1: Debris material pmpemes and dimensions 
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- I he Cart&ian moving-body solve; has been validated for a variety of xroclynamic probl~ms, 

quirements of simulating debris shedding from the shude  on ascent are unique however, and &-ither 
validation for these dynamics is required. The Cartesian maing-body solver currendy uses an inviscid 
approximation. The appropriateness of this approximation is eximined by comparing static, blufi- 
body simulations of a conical acreage foam piece (cf Fig. 3a) obtained with the Cartesian inviscid 
sober, and the OVERFLOW viscous, overset solver. The rationale for choosing this cornprison 
experiment tvil! be presented in the next section. The predicted drag coe:'ficienc for the rel&ant Mach 
number range seen during ascent is presented in Fig. 30. The maximum variation between the two 
so!vers occ12n 2t Mach = 1.0, and is 8%. The viscous increment is essentially Z ~ T O  ( < 0.1%) for tilese 

calculations. The only fices which can effect the viscous drag are the beveled sides, which are located 
in the aft separatzd flow region. These aft faces experience reversed and separated regions, which 
when time-averaged, provide essentially no viscous stress contribution. While the viscous increment 
itself is negligible, the dieerences between the' calculations at the lower Mach numbers are due to 
%cou efricts. The vi.;lscoils flow has stronger shear iayers, which form stronger vortices, and also has 
a much widcr energy band (contains energy at a range of frequencies) than the inviscid ca!cularions 
which tend to have energy only at the shedding frequency. The strongeer afi vortices induce an  un- 
steady flow at 3 slightly higher Mach number in the viscous calculations (Mach = 1.4 vs. Mach = 

i .2j. Beyond these Mach numbers the flowfieid remains steady. At the iower ltlach numbers (C.6 
and L7.8), these stronger vortices induce a stronger reversed flow. This stronger reversed flow cream a 
lower pressure on the afc face of the body, and leads t9 a slightly higher drag. So in genera! we wcu!d. 
expecr: tine inviscid calcuiations to slightly underpredict the drag, though not tfi the lack of 2 viscous 
increment: Thesestronger shcir-liyers also appear to cause the discrepancy ar Mach = 1.9. The v d e r  
separated region makes the body look slighdv larger. 

including store separation, dynamic missile coniigurztions, and transonic flutter[4, c l ,  SI. The re- 
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kigxire 3 derronstrates that a n  kiviscid sol7;er piCXi&s an efficient engineering approximation 

h i  these supersonic zeparatd, bIufFbody florvs. The cornputaiional cost of computing a single 6- 
DOF trajectory using the Cartesian solver solver is nearly txo orders of magnitltde lower than the 
same trajectory compured uith OVEWLOW, due to the s t i h e s s  and mesh requirements of the 
L-~SCOUS solver. This efficiency aIlows a range of debris sources and re!ease conditions to be examined 
computational!y, so that b r f d  behavioral trends can be discerned, rather than examining a handful 
of datapoints. 

3.2 Dynamic Cube Validation 

The previous section considers sratic simulations, however a validation of dynamic predictions 
must be considered as we!l. Unfomnate1.j there is a dearth of appropriate data for extremely light 
objecrs being released at high Mach numbers and high altitude. Hansche and hnehard91 ‘fired 1/4” 
and 3/8” steel cubes from a gun at sea-level and measured the drag as a function of Mach number. 
This data is especially relevant for comparison as the ballistic drag model used in the debris transport 
code for the STS-107 investigation is based upon this data, i.e. all debris sources are assumed to be 
roughly shaped like cubes. Obviously the validity of this assumption for conical shapes like Fig. 3a is 
questionable. Figure 4 presents the computed drag coeficient variation against the experimental data, 

held &xed with the minimum and ma_-mum frontal are3 exposed to the wind respectively. These static 
co~p:tariors ~ n i ~ o r  the !:>wer i q p e r  b~iunds cf dx experimental scatter. In order to si.miilate 
an “average” tumbling dynamic m o ~ o n ,  the cube was FotAted a t  a constant mte. about- all three u e s  
ai: a fryeii. b!xh number. ‘The average of these dynamic simulations over a complete cycle is termed 
a “ forced-nimble” simulstion. The fcrced tumble resuks for the cube bisec: the experimental data. 
Tho final type of sirnulation included in Fig. 4 is a 6-DOF simulation with the cube being released 
into a uniform siream and allowed to decelerate and rotate under the influence of the acrodynarnic 
forces. This dashed ,mer! cuive shows the cube begin to oscillate as the separation buffets the body, 
eventually leading to a tumbling motion as the  cube passes through the transonic regime. The drag 
prediction from the 6-DOF trajectory again falls within the experimentnl data. Of note here is d ~ a t  
she cube does not tumble immediately. Tlie cube is s r a ~ ~ A ~ y - s r d 4 e  in a supersonic SOW, which is 3 

necessary, but not sufficient, condinon to ensure dynamic srrability. Since the inertia of these small 
cubes is very lixz, the rcjtationa! LEercia cjf &e ccbe is s:&ient to overcome the s~at ic  snbiliv 
;unless the cube is rotatecl at  unrealistically high r a m j .  Siinr!iations in ivhtch the cube is inirially 

con abom chr static si:31?iliq point in 
su$rmnic tiow, and 3 tumhiing motion in <he mnsonic regime as the dynamic pressure decreases 
s~kic:tp.~y 5 3  ~ ~ ~ z t  cb-e ri.stnr!n,a ae r~ jT(~-~ .z - i c  r,opLent OD. the cube 1s cot jum-c!ltEc to rnainr2rn tne 
stabk oscillation. This s a n e  tyx ofdpnamic behavior will be sten in the results for the conical feam 
diT.ms in the next sec-&n. 

1 ,  .,s;,,, .-” sLvL,,! 3 T . P r . 7  diELLLL,L *.-on* ,,,,LL!~,,,,L niinrl -&LnJ LLALL.L,us. ?-!-,e red 3 r d  I;\Iue curves were cm~;?uted -.vi& the cube 
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Mach Number 

Figure 4: Drag coefficient variation for a cube. Sc~tic, forced-amble, and 6-DOF simulanons are compared agains: 
billlisjc = n e  data from 191. 

- 
The MSL configuration is picnired iE Fig. 5. W i l e  not a true thin conical divot, the MSL config- 
Eratiin is geometrically similar, in that it has a hlufi- forebody which trims the MSL in 2 blufFbody 
orientation in supersonic flight. Computations simnlating the supersonic test firings from [lo/ are 
inrefded to validate the ability of the Cartesian solver to reproduce an,guIar rate data, as well as drag 
Frdictions, and as an aid h r  eztablishing data requiremenn for dynamic tests of foam arricles. Dy- 
namic tesring of conicn! foam stapes is currently in the planning srages. The full paper will include 
a complete comparison against the MSL dam, as well as any relevant ballistic range dy-7 cy. ror '- foam 
insulation.' 



Figure 5 :  Mars Smart Lzndrr configuradon[lO] 

location. The velocity and angular rotation of this shedding event are unknown, and in fact the debris 
may linger in the boundary layer u n d  popping into a high-speed sneam. Trajectory cahdations are 
inherently sensirive initial-value problems, yet in our modeling we cannot accurately state any of the 
inida! ccdicicns! Predictino b anT; , sir.$o - ~ j e c t o r ) ~  is 211 impossihilit;, 2nd the appmlch  ken 
here is to predict an average trajectory. With this average trajectory in-hand, variations (for lift, drag, 
ex.) a n  then be superimposed. 



iMach number 

Figure 6: Drag variation for smic blufi'-body, forced-rumble, and sample GDOF mjecwries for a 0.22 lljm Frujtiim 

Recall that the goal for this v.nx.k is ta xodd zii average trajectory. W n i k  we can bound the behavior 
of a siiqle fiustum foam piece, we still require a method of characterizing the behavior of a range 
of foam pieces. The proposed solution is to use an ensemble average of the bounding curves for 
each :frustum piece tested. These tested pieces span the range of D = 1.8'' - 12", t = 0.5 --~3:!-, 
and.mass = 0.002 - 0.22 lbm. Further, we need a method of  scahng the drag coefficient from these 
disparately-si:ed pieces that can collapse a range of data to a single curve. The use of the frustum 
tot31 area pro\iides this desired scaling. Since the frustum pieces are be:;eled, the sides are alwzys 
contributing to drag, as Opposed to a piece such as a cylinder, where an axial elongation can change 
k e  ad area wirhout appreciably changing the drag. This convenience of geometry a!!ows the dam 
hcrn the r a n e  of frusmm pieces examined to collapse to a within i 10% in di3g variation rzlacive 
rc &e zvei.eragc ThT stark drag variation wit! Mach number for all of the sirnulared fiustim pieces is 
presented in Fig. (, along with the ensemble average and a l@u//o variation. 

1 he enserntsle averzge h r  irhc rmge  of foam pieces of rhe sratic, bl~15b~7dji drag is propose:! 

conseri;anve, c u t  realistic. approximaec7n. Since L ~ C  aiy abcr3giLig uvcr m i g c  L\l ptcics ti-tis Ldtii-idiiig 
curve is n m  a h a d  beund - i: is possible for 6-Di3F trajectories of some pieces to exhi& a drag 
higher than the modeled drag. This is demonstrated by examining the variation of kinetic ene rg  
(vv-hich is a good corollary for damage potmtial) nith distance traveled. Fig~~re 5 pxsents &e kinecii 
e n e q  a g ~ i i ~ ~  the distance i ~ ~ d e d  h i  3 9.77 %ri hLisTGm ielesseci at  ? V I T  = 2.5 i:: a ::n::=;xi . 8- 

jtream cal~ulated with a ballistic code using three JiEerent drag models: the rumbling cube dar? hcm 
JK. 3.2 v,-hich xx used h i  [htt CTS-10'7 i n ~ . y s q j ~ ~ i r i ,  22 e r ~ ~ n b l c  zvemp ci ~7.e n!rnb!ing hijsrurn 
L:Lc:g. I -., x L c i  2;' rn.x.mpiz aver2:e o t  the jr?n8: fil.lspL:p. dmp. The oh_c<?._i-z.d,.?n is d y c  .;verace rrAj2c:L-,F- 
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b l x h  number 

r. i-igure 7: Ensernbie average or' siauc bhif%ody drag over all kuscum pieces examined 

for an  ET acreage divot will lie between the static and tumbling frustum curves, though individual 
trajectories can exeed these bounds. Not2 that the rLimLling cube model severely underpredicts the 
kinetic energy relative to the other models. This is not caused by the cube hating a larger d~ag ,  rather 
that the frustum has a much larger acceleration than the cube. For a given mass, &e frustilm roughly 
maxirrii;es the drag (and hence the acceleration), while the cube roughly minimizes the drag for a 
k e d  mass. Thus, while the tumbling cube data is accurate, i t  is only appropriate for use in modeling 
cubes. Figure 9 presents samples of the hnetic energy variation mith distance b r  three shapes: a 0.32 
Ibm e = 4.5'' fiustuni, a 0.014 Ibm 8 = 5s" kusnim, and a digiiked ET ffazge divot h r r i  Fig. 2b. 
Each p l o ~  contains the average trajectory for each piece, along wi th  the approximate minimum and 
m a ~ m u m  drag cajectoiies. Indivdua! trajecteries exceed the ensemble averzge bmnding curves, 
hixve7-a- t l x  ai;e~age of all trajectories lies within the bounds. 



Distance (ft.) i W l J  

Figure S: Kineric energy tbr a 0.22 lbm frusmm re1rt;sed x i\Im = 2.5 in a unifbm. szeam calc-uii:ared wi&i a baliisric 
code using three d i k e n r  drag models (see tex). 
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Figure 10: Mode! of cressflow variation superimposed 011 a zerc-lift najectorf. The envelope of crosscinge behavior is 
c o l o ~ d  by f?ight-path ang!e. 

1 



5 Fumrre Work 

i h i s  abstract outlines the debris transport analysis uncxway v..iLllin the space shinle RTF iniria- 
hve. Tile aeic&rnarnic characterizadon of potcndal debris sou~ces is a key elernenc m this pio,oiaE, 
and CFD methods have provided necessary datz in a cost-effkive and timely mannor. Details of the 
aerodynamic modeling for ET acrcage foam have been presented in terms of drag and crossrange be- 
havior. Similar models are under development for SRIj cork insulation. The rind paper d! include 
details of the aerodynamic characterization of all shuttle ascent debris soiirces anmlysrd wir21 C D  
methods. Further, the use of CFD in developing ballistic range exqxrimental tests, and comparisons 
with the data derived from these tests, will be included in the final paper. 
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